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ABSTRACT
We investigate if, for a fixed number density of targets and redshift, there is an optimal way to
select a galaxy sample in order to measure the baryon acoustic oscillation (BAO) scale, which
is used as a standard ruler to constrain the cosmic expansion. Using the mock galaxy catalogue
built by Smith et al. in the Millennium-XXL N-body simulation with a technique to assign
galaxies to dark matter haloes based on halo occupation distribution modelling, we consider
the clustering of galaxies selected by luminosity, colour and local density. We assess how well
the BAO scale can be extracted by fitting a template to the power spectrum measured for each
sample. We find that the BAO peak position is recovered equally well for samples defined by
luminosity or colour, while there is a bias in the BAO scale recovered for samples defined by
density. The BAO position is contracted to smaller scales for the densest galaxy quartile and
expanded to large scales for the two least dense galaxy quartiles. For fixed galaxy number
density, density-selected samples have higher uncertainties in the recovered BAO scale than
luminosity- or colour-selected samples.
Key words: cosmology: theory – large-scale structure of Universe – methods: statistical –
methods: data analysis
1 INTRODUCTION
The baryon acoustic oscillations (BAO) scale is a standard ruler
that can be used to measure the cosmological redshift - distance
relation (Eisenstein & Hu 1998; Blake & Glazebrook 2003; Lin-
der 2003; Xu et al. 2013; Ross et al. 2015). This characteristic
scale is approximately the horizon scale at recombination and cor-
responds to the largest distance that a sound wave can travel in the
photon – baryon fluid up to this epoch. The sound horizon at re-
combination has been measured at the sub-percent level using the
cosmic microwave background (CMB) radiation (Planck Collabo-
ration et al. 2016). It is possible to measure the BAO scale from the
clustering of galaxies using two-point statistics such as the correla-
tion function or its Fourier transform, the power spectrum (see e.g.,
Cole et al. 2005; Eisenstein et al. 2005; Beutler et al. 2017; Ross
et al. 2017). This allows us to probe the redshift – distance relation,
which depends on the cosmological model and hence, given the ex-
isting constraints from the CMB, constrains the late-time behaviour
of the dark energy.
A variety of tracers are being considered to probe the large-
scale structure of the Universe over different redshift intervals (see
Laureijs et al. 2011; Amendola et al. 2013; DESI Collaboration
? E-mail: cesar.hernandez-aguayo@durham.ac.uk (CH-A)
et al. 2016; Alam et al. 2017). For example, the Dark Energy Spec-
troscopic Instrument (DESI) survey will carry out four galaxy sur-
veys (DESI Collaboration et al. 2016): i) a magnitude limited sam-
ple at low redshifts, ii) luminous red galaxies (LRGs) at intermedi-
ate redshifts up z ∼ 1, iii) emission line galaxies (ELGs) to z ∼ 1.7
and iv) quasi-stellar objects (QSOs) at z < 2.1. Different target-
ing strategies are driven partly by observational and instrumental
considerations, such as the visibility of a particular emission line
over a given redshift interval or the number of fibres available in
the field of view. Our aim here is to assess the relative merits of
using different galaxy selections to measure the BAO scale.
We explore if there is an optimal way to target galaxies to
extract the BAO scale. We do this by ranking galaxies by either
their luminosity, colour, or environment within the same volume,
and then assess how well we can extract the BAO scale for dif-
ferent subsamples of galaxies in each case. The initial idea behind
using subsamples of galaxies was to sparsely sample a flux limited
catalogue to efficiently map a large survey volume, without mea-
suring a redshift for every galaxy (Kaiser 1986). This technique
was successfully applied to early redshift surveys to yield impres-
sive constraints on cosmological parameters from modest numbers
of galaxy redshifts (Efstathiou et al. 1990; Loveday et al. 1992). A
development of this approach was to target a particular class of ob-
ject rather than to randomly sample a flux limited catalogue. LRGs
were isolated from the photometric catalogue of the Sloan Digi-
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Figure 1. Left panel: r-band cumulative luminosity function of the parent galaxy catalogue at z = 0.11. The horizontal blue line indicates the number density
of the full sample, n = 10−3h3 Mpc−3, which corresponds to retaining galaxies brighter than a magnitude cut of 0.1Mr − 5 log10 h = −21.08. Right panel:
Halo occupation distribution of the full sample. The occupation functions of all, central and satellite galaxies are shown as solid, dashed and dotted lines, as
specified in the legend.
tal Sky Survey to probe a larger volume of the Universe than that
reached by the original flux limited survey (Eisenstein et al. 2001).
The argument here is that the LRGs should be strongly biased trac-
ers of the underlying dark matter, because they are bright galaxies,
thereby boosting the signal-to-noise of the clustering measurement
for a fixed number density of targets (Feldman et al. 1994). Sim-
ilar strategies were devised to map the large-scale structure of the
Universe out to z ∼ 1 using galaxies with strong emission lines
(ELGs) (Drinkwater et al. 2010). Recently, Ruggeri & Blake (2019)
re-analysed the data from the 6dFGS, WiggleZ, BOSS and eBOSS
galaxy surveys to study how assumptions about the errors and sam-
ple variance affect the recovery of the BAO scale.
Characterising how the BAO signal varies between different
galaxy populations is also important for understanding systematic
biases in the position of the BAO peak. For example, overdense
regions contract, pulling the BAO peak inwards, while underdense
regions expand, pushing the BAO peak to larger scales (Sherwin &
Zaldarriaga 2012; Neyrinck et al. 2018). Different galaxy popula-
tions sample the underlying density field differently and thus the
size of this effect can vary between galaxy populations (e.g. An-
gulo et al. 2008; McCullagh et al. 2013; Achitouv & Blake 2015).
Such systematic effects are small, but nonetheless are important
for current and future precision measurements. To a first approx-
imation, this effect, as well as the smearing of the BAO peak, is
captured by “BAO reconstruction" techniques, such at those based
on Lagrangian linear theory (e.g. Eisenstein et al. 2007b; Padman-
abhan et al. 2012) and the more recent non-linear reconstruction
techniques (e.g. Ata et al. 2015; Zhu et al. 2017; Hada & Eisenstein
2018; Shi et al. 2018; Birkin et al. 2019; Jasche & Lavaux 2019).
However, these methods are rather involved and it remains to be
understood if they fully account for the BAO systematics present in
different galaxy samples. This is why here we study the BAO signal
in the galaxy distribution without applying a BAO reconstruction
step.
To address the question of what is the best way to measure
BAO, we use a mock catalogue built by implementing a technique
based on halo occupation distribution modelling into one of the
largest N-body simulations ever run, the Millennium-XXL (Angulo
et al. 2012; Smith et al. 2017). We test how well the BAO scale
can be constrained for galaxy samples selected in different ways
using a power spectrum analysis. Our goal is to establish how the
strength of the BAO feature, and thus the accuracy with which the
BAO scale can be measured, depends on galaxy properties such as
brightness, colour and local density. In particular, we investigate
what are the best ways to select galaxies such that we optimise the
BAO measurement for future spectroscopic surveys. The results of
our study can inform the survey strategy of upcoming projects.
The paper is organised as follows: In Section 2, we describe
the construction of the galaxy catalogue and the theoretical BAO
model. In Sec. 3, we show the results of the power spectrum fitting
and a description of the galaxy-halo connection of the galaxy sam-
ples. Finally, the summary and our conclusions are given in Sec. 4.
2 GALAXY SAMPLES AND METHODOLOGY
2.1 Galaxy catalogue
We build the galaxy mock catalogue using the Millennium-XXL
(MXXL) dark matter only N-body simulation output at z = 0.11
(Angulo et al. 2012). The MXXL simulation covers a comoving
volume of (3000 h−1Mpc)3 and contains 67203 particles of mass
6.17 × 109 h−1M . The cosmological parameter values adopted
in the MXXL simulation are the same as those used in the orig-
inal Millennium simulation (Springel et al. 2005) and are con-
sistent with the WMAP-1 mission results (Spergel et al. 2003):
Ωm = 0.25, ΩΛ = 0.75, σ8 = 0.9 , h = 0.73, and ns = 1. The
large volume of the simulation makes it ideal to study BAO.
The construction of the mock galaxy catalogue uses the halo
occupation distribution (HOD) method presented by Smith et al.
(2017, which is based on Skibba et al. 2006 and Skibba & Sheth
2009). This method uses a set of HODs constrained using clus-
tering measurements from the Sloan Digital Sky Survey (SDSS),
for different volume limited samples, defined using r-band abso-
lute magnitude cuts (Zehavi et al. 2011). These HODs are used to
populate dark matter haloes in the simulation, which are identified
using the SUBFIND algorithm (Springel et al. 2001). We use M200m
as the halo mass definition, which corresponds to the mass enclosed
by a sphere in which the average density is 200 times the mean den-
sity of the universe. Interpolating between the HODs allows each
object to be assigned a magnitude, but a modification is made to the
MNRAS 000, 1–11 (2019)
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Figure 2. Selection cuts applied to the full sample to get subsamples defined by magnitude, colour or density. Left panel: Colour-magnitude diagram for the
full sample. Lines of different colour show the cuts in magnitude (vertical dashed lines) and colour (horizontal solid lines) applied to divide the sample into
either luminosity or colour subsamples. Right panel: Cumulative distribution of the distance to the 10th nearest neighbour (d10th); vertical dashed lines show
the cuts applied to the full sample to define density quartiles.
functional form of the 5-parameter HOD model to prevent the un-
physical crossing of HODs for different luminosity cuts. We denote
absolute magnitudes as 0.1Mr −5 log10 h, where the superscript 0.1
indicates that this quantity has been k-corrected to redshift 0.1. The
HODs are also evolved with redshift to reproduce the luminosity
function measured from the SDSS at low redshifts, and the lumi-
nosity function of the GAMA survey at higher redshifts (see Smith
et al. for references). Each object is also assigned a 0.1(g−r) colour,
using a parametrisation of the colour-magnitude diagram.
In Smith et al. (2017), the HOD methodology outlined above
was used to populate a halo lightcone. Here, instead of using a light-
cone, we use the simulation output at z = 0.11. The parent galaxy
catalogue has a number density of ng = 7.5 × 10−3 h3 Mpc−3,
giving 201 million galaxies in the MXXL volume, which cor-
responds to retaining galaxies brighter than a magnitude cut of
0.1Mr − 5log10h = −20.
The left panel of Fig. 1 shows the cumulative r-band luminos-
ity function of the parent galaxy catalogue. The horizontal blue line
shows a cut in number density of n = 1 × 10−3 h3 Mpc−3. We will
refer to this as the “full sample”. The HOD of the full sample is
shown in the right panel of Fig. 1. We can see that the shape of the
HOD, by construction, follows the standard functional form pro-
posed by Zheng et al. (2005), where the mean number of central
galaxies per halo reaches unity above a threshold halo mass (i.e.
every halo above this mass contains a central galaxy) and the occu-
pation of satellite galaxies follows a power-law in massive haloes.
Here we study the clustering of galaxies ranked by environ-
ment (density), luminosity and colour. We divide the full sample
into four equal parts, i.e., each subsample has the same number
density nQ = 2.5 × 10−4 h3 Mpc−3.
2.1.1 Selection of samples
We first select galaxies by luminosity, retaining those which sat-
isfy cuts in magnitude. The vertical lines in the left panel of Fig. 2
show the magnitude bins used to define the luminosity quartiles:
the Q1 subsample corresponds to the brightest 25 per cent of galax-
ies while Q4 is the subsample with the 25 per cent faintest galax-
ies. We next apply the colour cuts listed in Table 1 to define the
Table 1. The selection cuts applied to define galaxy subsamples in
terms of luminosity (0.1Mr − 5log10h), colour (0.1(g − r)) or density
(d10th/h−1Mpc).
0.1Mr − 5log10h
full Q1 Q2 Q3 Q4
bright limit -23.70 -23.70 -21.52 -21.32 -21.18
faint limit -21.08 -21.53 -21.33 -21.19 -21.08
0.1(g − r)
full Q1 Q2 Q3 Q4
blue limit 0.21 1.00 0.94 0.83 0.21
red limit 1.28 1.28 0.99 0.93 0.82
d10th/h−1Mpc
full Q1 Q2 Q3 Q4
most dense 0.26 0.26 8.26 10.54 13.04
least dense 33.95 8.25 10.53 13.03 33.95
colour subsamples, shown by the horizontal lines in the left panel
of Fig. 2, where Q1 is the subsample with the 25 per cent reddest
galaxies and Q4 contains the 25 per cent bluest galaxies. Finally,
to define samples by environment we apply a cut in local density.
The local density is estimated using the distance to the 10th near-
est neighbour, d10th, and the galaxies are ranked by this property.
The right panel of Fig. 2 shows the cumulative distribution func-
tion of d10th where the vertical dotted lines show the quartiles. The
first quartile of the sample (Q1) contains the 25 per cent of galaxies
in the densest environments (i.e. those with the smallest values of
d10th) and Q4 is the subsample with the 25 per cent of the galaxies
in the least-dense environments. Q2 and Q3 are the subsamples in
intermediate density regions. The values of d10th used to define the
density samples are listed in Table 1.
The left panels of Fig. 3 display the real-space power spectrum
measured from galaxy samples ranked by magnitude (top), colour
(middle) and density (bottom) as listed in Table 1. The black points
in each panel correspond to the power spectrum of the full galaxy
MNRAS 000, 1–11 (2019)
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Figure 3. The measured power spectrum, P(k) (left column), and the galaxy bias, b(k) = √Pg(k)/Pm(k) (right column), of the four subsamples for each
galaxy selection: magnitude (upper panels), colour (middle panels) and density (lower panels). Different colours represent different subsamples as labelled:
red (Q1), green (Q2), magenta (Q3) and blue (Q4). In each panel we show the measured power spectrum (left) and galaxy bias (right) from the full sample
(black solid points) for comparison. Note that the y-axis range plotted is different in each panel.
sample, in which we can clearly see the BAO wiggles in Fourier
space.
It is evident when comparing measurements across different
selections that the Q1 subsamples (i.e. the brightest, reddest and
densest galaxies) shown in Fig. 3 are more clustered and therefore
show a higher galaxy bias than the overall sample. It is interesting
to see that the magnitude subsample Q2 (green solid line in the top-
left panel) and the colour subsample Q3 (magenta solid line in the
middle-left panel) have almost the same clustering amplitude as the
full sample. The BAO peaks measured from the densest subsample
are significantly stronger than those seen in the measurements made
from the other samples (note the y-axis range plotted is different in
each panel). The BAO peaks are barely visible for the least dense
sample (Q4, bottom-left panel).
The right column of Fig. 3 shows the galaxy bias for every
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Figure 4. The correlation function of the galaxy samples defined by den-
sity, plotted as r2ξ(r), on a linear-linear scale. The black line shows the
correlation function measured for the full galaxy sample and the coloured
lines show the clustering for the subsample quartiles ranked by density, as
labelled.
subsample. The bias is obtained as
b(k) =
√
Pg(k)
Pm(k) , (1)
where Pg(k) is the measured galaxy power spectrum for each sub-
sample (the same as shown in the left panels of Fig. 3) and Pm(k)
is the non-linear dark matter power spectrum at z = 0.11. We can
see that the galaxy bias inferred for each subsample is constant on
large scales (k . 0.1 hMpc−1). The scale dependence becomes ev-
ident at higher wavenumbers, with the bias increasing (e.g. for the
reddest, densest and brightest subsamples) and decreasing for the
bluest and faintest subsamples. The scale dependence of the bias is
particularly strong for the subsamples defined by local density.
In Fig. 4 we show the two-point correlation function on scales
around r ∼ 100 h−1Mpc that correspond to the location of the BAO
peak. The figure shows the two-point correlation for the full sam-
ple of galaxies (black line) as well as for the density-selected quar-
tiles. Similar trends are observed for the magnitude- and colour-
selected subsamples, which, for brevity, we do not show. As ex-
pected from our power spectrum results, the Q1 density-subsample
displays the strongest clustering, i.e. galaxies in the densest regions
are more likely to reside in more massive haloes, which are more
biased, and hence we measure a higher clustering amplitude for
this subsample. The BAO wiggles are clearer for this sample in
the power spectrum and the BAO peak is stronger in the correla-
tion function (see bottom-left panel of Fig. 3 and Fig. 4). We also
note that non-linear effects are more evident in the densest sam-
ple on small-scales. There is an increase in the power for scales
k > 0.15 hMpc−1, and a steeper slope in the correlation function
at r < 70 h−1Mpc (Fig. 4). We note that the BAO feature is slightly
shifted to smaller scales in the highest density subsample, i.e. the
position of the peak is moved to higher k values in the power spec-
trum and to lower r values in the correlation function (as predicted
by Neyrinck et al. 2018).
2.2 BAO model
Here, we measure the BAO scale in the power spectrum of galaxies.
To do this, we follow a similar approach to that presented by Ross
et al. (2015, see also Eisenstein et al. 2007a). We start by modelling
the power spectrum as the product of a smooth component and the
BAO signal. That is, we write the model power spectrum, Pfit(k),
as
Pfit(k) = Psm(k)Odamp(k/α) , (2)
where Psm(k) is a smooth power spectrum, i.e., without any BAO
feature, and Odamp(k/α) represents the damped BAO signal. The
damping factor is parametrised in terms of the α dilation parame-
ter that characterises any shift in the position of the BAO peak in
the measured power spectrum compared to the model; if α > 1
the peak is moved to smaller scales, while α < 1 moves the peak
to larger scales (Angulo et al. 2008; Anderson et al. 2014; Ross
et al. 2015). This template can be used to analyse the galaxy power
spectrum in both real and redshift space.
We model the smooth power spectrum component as
Psm(k) = B2pPnw(k) + A1k + A2 +
A3
k
, (3)
where Pnw(k) is a smooth “no-wiggle” template obtained using the
fitting formula of Eisenstein & Hu (1998), Bp is a large-scale bias
parameter, and A1, A2 and A3 are further free parameters. This
functional form is similar to that used by Ross et al. (2015), how-
ever with fewer (4 instead of 6) free parameters. We find that this
function provides a very good description of the non-linear galaxy
power spectrum down to k = 0.3 hMpc−1.
The oscillatory component of the power spectrum is given by,
Odamp(k) = 1 + (Olin(k) − 1) e−
1
2 k
2Σ2nl , (4)
where Σnl is a damping parameter and Olin(k) is the ratio between
the linear power spectrum and the smooth no-wiggle power spec-
trum, i.e. Plin(k)/Pnw(k).
We estimate the analytical power spectrum with the
NBODYKIT toolkit (Hand et al. 2018), using the CLASS transfer
function for the linear power spectrum (Blas et al. 2011; Lesgour-
gues 2011) and the analytical approximation of Eisenstein & Hu
(1998) for the no-wiggle power spectrum in Eqs. (3) and (4). We
also use NBODYKIT to measure the power spectrum from the simu-
lation outputs for wavenumbers between 0.0025 < k/[ hMpc−1] <
0.3 using bins with width ∆k = 0.005 hMpc−1.
To measure the position of the BAO peak, we fit the measured
real-space power spectrum of our subsamples to the model given by
Eq. (2) and extract information about the dilation parameter α. To
obtain the best-fitting α value, we use Bayesian statistics and max-
imise the likelihood, L ∝ exp(−χ2/2) by fitting the measurements
from the galaxy samples on scales with k < 0.3 hMpc−1. We esti-
mate errors on the measurements using 8 jackknife partitions along
each coordinate of the simulation box (Norberg et al. 2009). To find
the best-fitting α value and its confidence levels we use the Monte
Carlo Markov Chain technique implemented in the EMCEE python
package (Foreman-Mackey et al. 2013).
For the density-selected samples, the measured power spec-
trum cannot be adequately described by Eq. (3). We reduce the
scale dependence of the power spectrum by defining a k-space win-
dow flattening function, Bk−window(k), which is the ratio between
the power spectrum measured for one of the density quartile sam-
ples, divided by the power spectrum of the full sample. A similar
approach was employed in Angulo et al. (2008). In this exercise, the
two power spectra in question are first rebinned into broader k-bins
(∆k = 0.1 hMpc−1) before taking the ratio. The measured power
spectrum is then divided by the flattening function, Bk−window(k),
MNRAS 000, 1–11 (2019)
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Figure 5. Left panel: The measured power spectrum, P(k), (points with error-bars) and the best-fitting model (solid curve) for the full galaxy sample. Right
panel: The same as the left panel but now the power spectrum is plotted divided by the smooth (no-wiggle) component of the best-fitting model. This panel
highlights the BAO signature, which corresponds to the oscillations of the curve. The upper label in the right panel indicates how accurately we can measure
the BAO scale, as parametrised in terms of the α dilation parameters (see main text for details).
before being fitted. The window width is chosen to be larger than
the scale of the BAO oscillations, and thus should be largely insen-
sitive to the presence of the BAO signal. We have tested that this
procedure does not introduce biases in α or in its uncertainties by
testing that the luminosity- and colour-selected quartiles return the
same α best fit values when fitting directly the sub-sample power
spectrum or the one normalised using the flattening function we
just discussed.
3 GALAXY CLUSTERING
3.1 Measuring BAO positions
In the left panel of Fig. 5 we show the power spectrum measured
from the full galaxy sample compared to the best-fitting model. One
can see that the model described by Eqs. (2)-(4) provides a good
match to the measurements from the mock catalogue. The right
panel of Fig. 5 displays the measured and best-fitting power spec-
tra divided by the smooth component, Pnw(k), of the best-fitting
model. We recover an unbiased estimate of the BAO position, with
α = 1.003 ± 0.003 (these figures correspond to the maximum like-
lihood value and 68 per cent confidence interval), that is consistent
at the 1σ-level with the expected value of α = 1. Small differences
in the value of α from unity are not necessarily worrying since they
could indicate a small mismatch between the formulation of the
power spectrum used to imprint the BAO feature onto the initial
conditions of the simulation and the BAO templates used to extract
this signature. The best-fitting model is characterised by a reduced
chi-square value, χ2/dof = 1.15, which indicates that our model
gives a good description of the galaxy power spectrum. The qual-
ity of the fit is most clearly illustrated in the right panel of Fig. 5,
which also clearly highlights the BAO wiggles. In particular, we
can see up to four maxima located at k/( hMpc−1) ≈ 0.065, 0.13,
0.185 and 0.24. For the rest of the paper, we will compare the BAO
position measured in the various galaxy subsamples against this
reference value.
In Fig. 6 we show the results of fitting the BAO template,
Eq. (2), to the various luminosity-, colour- and density-selected
galaxy subsamples described in Section 2.1.1. To better highlight
the quality of the fits and the changes in the BAO signature between
the various subsamples, we show the power spectrum divided by
the smooth component of the best-fitting model (see Eq. 3).
We find that all the magnitude- and colour-selected subsam-
ples show the same BAO features, with little variation between
the different subsamples. Considering the best-fitting α parame-
ters, we find that most values are in good agreement, given the
quoted interval, with the value measured for the full sample of
α = 1.003 ± 0.003. There is potentially a very weak trend, such
that fainter or bluer galaxies have slightly lower α values than their
brighter or redder counterparts, but this trend is very small and we
would need much larger galaxy samples to be able to confirm it.
The only significant difference between the various quartiles is that
the BAO signature is weaker for the Q4 samples, i.e. the faintest
or bluest galaxies. This can be seen in the actual power spectrum
(the fourth BAO wiggle is weaker for Q4 than in the other subsam-
ples) and is best quantified by the uncertainty associated with the
α measurement: the Q4 sample has an error on α of 0.6% versus
the errors of 0.4% associated with the other quartiles. We also find
that despite having four times fewer objects than the full sample,
the α uncertainty ranges estimated for the Q1 to Q3 quartiles are
only slightly larger than for the full sample (0.4% versus 0.3%).
This means that the various quartiles are highly correlated and that
increasing the sample size by a factor of four does not reduce the
errors by half, as expected in the case of independently and Gaus-
sianly distributed measurements.
The right column of Fig. 6 shows how the BAO signal varies
for the four density-selected galaxy subsamples. Compared to the
other two selection methods just discussed, we find that the den-
sity selection leads to much larger differences in the BAO signature
compared to the full galaxy sample as well as between the different
density quartiles. Firstly, we see that fewer BAO wiggles can be
distinguished, for example the lowest density sample (Q4) has one
weak maximum, the Q1 and Q3 samples have two maxima, and Q2
has three maxima. This is quite a striking difference, since in the
full sample we clearly find four maxima (see right-hand panel in
Fig. 5). The smaller number of BAO wiggles for the highest den-
sity quartile, Q1, could be due to these galaxies residing in higher
density regions where structure formation proceeds more rapidly
and thus where non-linear effects, which dampen the BAO feature,
are more pronounced. The result that the lowest density quartile,
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Figure 6. The measured power spectrum, P(k), (points with error bars) and the best-fitting model (solid curves) divided by the smooth (no-wiggle) power
spectrum for magnitude (left column), colour (middle column) and density (right column) cuts. Each row shows a different subsample as specified in the
bottom-left corner of each panel. The strength of the BAO feature for each panel can be inferred from the uncertainties associated with the determination of
the α dilation parameter (the maximum likelihood value and 68% confidence interval of α are given in the top-right corner of each panel).
Q4, has only one BAO wiggle is more surprising, since, structure
formation is somewhat delayed in lower density regions and thus
more of the initial BAO signature should be preserved. However,
we find that this is not the case.
The degradation in the BAO signal for the density-selected
galaxy subsamples is best highlighted by comparing the uncertain-
ties in determining α using the various quartiles. We find that the er-
ror is lowest for Q2 (0.5%) and only slightly higher for Q1 (0.7%),
and increases dramatically for the lower density quartiles: 1.3% and
2.5% respectively for Q3 and Q4. Thus galaxies in intermediate-
density environments (i.e. the Q2 quartile) are a better target to
measure the BAO feature than those in the densest regions or least
dense regions. Furthermore, the uncertainty in determining α in
the Q2 quartile is slightly larger than those associated with the
luminosity- and colour-selected samples, indicating that selecting
a galaxy subsample based on local density does not lead to a more
precise BAO measurement than using colour or luminosity. In par-
ticular, the Q1 and Q2 density-quartiles have larger bias than the
other luminosity- and colour-selected subsamples (see right col-
umn of Fig. 3), implying that a sample with larger bias does not
necessarily lead to a more precise determination of the BAO scale.
Another important result for the density-selected quartiles is
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Figure 7. The maximum likelihood value and 68% confidence interval as-
sociated with the determination of the BAO dilation parameter, α. The hori-
zontal solid line and the associated shaded region show the result for the full
galaxy sample. The points with error bars show the results for the quartiles
of the galaxy populations ranked according to: luminosity (circles), colour
(squares) and density (diamonds). The Q1 subsamples corresponds to the
brightest / reddest / densest galaxies, while the Q4 subsamples correspond
to the faintest / bluest / least dense galaxies.
that the α parameter systematically decreases with density. This is
best illustrated in Fig. 7, which shows the maximum likelihood val-
ues and the 68% confidence intervals on the determination of α for
the various galaxy subsamples studied here. For the luminosity- and
colour-selected quartiles the α value is approximately the same and
in good agreement with the measurement obtained using the full
galaxy sample. In contrast, the density-selected quartiles show a
statistically significant trend that is in agreement with our expecta-
tions (see e.g. Sherwin & Zaldarriaga 2012; Neyrinck et al. 2018):
the BAO peak is shifted to smaller scales (i.e. larger α) for the dens-
est quartile and to larger scales for the two least dense quartiles.
3.2 Halo occupation distribution
To further investigate and understand the differences between the
clustering results for different galaxy selections, we explore the
halo occupation distribution in each subsample in the left column
of Fig. 8. In each case, we plot the contribution of central galaxies
(dashed lines), satellite galaxies (dotted lines) and the total mean
number of galaxies per halo (solid lines), which is the sum of cen-
trals and satellites. The HOD of the full sample is displayed by
the black curves, while the contribution of different subsamples is
shown by the red (Q1), green (Q2), magenta (Q3) and blue (Q4)
curves in each panel.
The HOD of magnitude-selected galaxies is shown in the top
left panel of Fig. 8. We note that the HOD of the brightest galaxy
quartile, Q1, is composed of galaxies that predominantly populate
the most massive haloes, i.e., Q1 contains all the central galaxies
of haloes with M200m > 1014 h−1M and also the majority of the
satellites found in these haloes. The fainter samples are composed
of central galaxies in lower mass haloes and of satellite galaxies in
high mass haloes. In particular, the mean number of satellites as a
function of halo mass is roughly the same in the Q2, Q3 and Q4
quartiles, showing only a weak dependence on galaxy luminosity.
In the case of the HOD of galaxies ranked by colour (middle-
left panel of Fig. 8), we find a non-standard form for the mean
number of central galaxies. For low halo masses, M200m <
1013.4 h−1M , there is a plateau at 〈Nc〉 ∼ 0.25 for all quartiles.
Interestingly, 〈Nc〉 stays constant with increasing halo mass for the
Q2 sample; for the Q3 and Q4 samples, the mean fraction of haloes
with centrals declines for M200m > 1013.5 h−1M , and increases
with halo mass for Q1. For satellites, we find similar 〈Ns〉 values
for the Q1, Q2 and Q3 quartiles, with only a weak trend with galaxy
colour. In contrast, the bluest quartile contains a significantly lower
mean satellite number for a given host halo mass. We note that the
HOD of the Q2 quartile has the same shape as the full sample but
with mean values that are four times smaller; this might explain
why this the BAO features measured for this sample best resemble
those of the full galaxy population. In contrast, the Q4 quartile pref-
erentially contains galaxies in low mass haloes (see middle-right
panel of Fig. 8), and has the weakest BAO signature.
The bottom-left panel of Fig. 8 shows the HOD of density-
selected galaxy quartiles. We see that the densest subsam-
ple (Q1) contains almost all the satellite galaxies, as well as
all the central galaxies that live in haloes more massive than
log10(M200m/ h−1M) = 14.6. Thus, a large fraction of Q1 galax-
ies are in clusters and other highly overdense regions, whose grav-
ity pulls in the surrounding matter, which explains why the BAO
peak is shifted towards smaller scales for this sample. We see that
the Q2 sample contains no galaxies (centrals and satellites) which
reside in haloes of mass log10(M200m/ h−1M) > 14.9, and the
distribution peaks at a total mean occupation number of almost
one at log10(M200m/ h−1M) = 14.4. In this subsample, galax-
ies are selected from intermediate-density regions, explaining the
lack of galaxies in clusters. The Q3 and Q4 subsamples contain
galaxies that populate low-mass haloes (log10(M200m/ h−1M) ≈
12.5 − 13.5) and are dominated by central galaxies. In these cases
we can see that the fraction of satellite galaxies is small. These
low-mass haloes represent small density peaks in the dark matter
distribution, and typically live in regions like filaments and voids;
these samples display a weak BAO signal, and the position of the
peak is shifted to larger scales (we can see from the lower-left panel
of Fig. 3 and Fig. 4 that the BAO signal in the Q4 subsample is hard
to discern).
The right panels of Fig. 8 show the number density of galax-
ies (in units of 10−5h3Mpc−3) as a function of their host halo
mass for the three selections: magnitude (top panel), colour (mid-
dle panel) and density (bottom panel), in all panels we show the
distribution of galaxies for the full sample divided by four for com-
parison. The results presented in these panels confirm our find-
ings from the HOD of the different selections. As an example, in
magnitude-selected galaxies we can observe a trend in their dis-
tribution (top panel of right column in Fig. 8), i.e., we can find
more of the faintest (brightest) galaxies in low-(high-)mass haloes.
In the case of colour-selected galaxies, the distribution of galax-
ies remains almost unchanged for the Q1, Q2 and Q3 samples;
the bluest sample (Q4) predominantly populate haloes with mass
log10(M200m/ h−1M) ≈ 12.7. The bottom-right panel of Fig. 8
shows the distribution of galaxies ranked by environment, we can
see that galaxies from low-density to intermediate-density regions
reside in low-mass haloes, while galaxies in the densest environ-
ments are found in high-mass haloes.
4 SUMMARY AND CONCLUSIONS
We have studied the clustering and the position of the BAO feature
for subsamples of mock galaxies ranked by density (defined by the
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Figure 8. Left column: Halo occupation distribution for the galaxy quartiles, Qi , selected according to: magnitude (top panel), colour (middle panel) and
density (bottom panel). In each panel we show the HOD of the full sample (black lines) for comparison. The occupation of total, central and satellite galaxies
are shown as solid, dashed and dotted lines, respectively, as specified in the legend. Right column: The number density of central (dashed lines), satellite
(dotted lines) and total (solid lines) galaxies for each selection and subsample obtained by multiplying the HOD by the differential halo mass function of the
MXXL snapshot at z = 0.11, in the case of the full sample we have divided the distribution by four for better visualisation. Different colours represent different
subsamples: red lines (Q1), green lines (Q2), magenta lines (Q3) and blue lines (Q4).
distance to 10th nearest neighbour), luminosity (r-band magnitude)
and 0.1(g − r) colour.
We have used a magnitude-limited, 0.1Mr − 5log10h <
−21.08, mock catalogue at redshift z = 0.11, obtained from the
Millennium-XXL N-body simulation (Smith et al. 2017). This cor-
responds to a galaxy number density of n = 1 × 10−3 h3 Mpc−3
that, given the large volume of the simulation, includes a total of
27 million galaxies. We split the full sample into four subsamples
(Q1, Q2, Q3 and Q4), defined in different ways (see below) with
a corresponding number density of one quarter of the full sample
(nQ = 2.5 × 10−4 h3 Mpc−3) by applying cuts according to the
galaxy property of interest (see Sec. 2.1.1). The subsamples are de-
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fined as follows, 1) magnitude: from brightest to faintest galaxies,
2) colour: from reddest to bluest galaxies and 3) density: from high-
to low-density regions. We confirmed that the galaxy bias of each
subsample is constant on linear scales, k . 0.1 hMpc−1. We have
measured the power spectrum of each subsample and fit it to an
analytical BAO template to extract the position of the BAO peak
through the dilation parameter, α (see Eq. 2).
We have found that the best-fitting value of α for the full sam-
ple is α = 1.003 ± 0.003 and in each subsample the best sam-
ple to extract the BAO peak position is, 1) magnitude: Q1 with
α = 1.003 ± 0.004, 2) colour: Q2 with α = 1.003 ± 0.004 and
3) density: Q2 with α = 0.998 ± 0.005. In general, all measure-
ments for the luminosity- and colour-selected galaxy subsamples
are in good agreement with the reference value of the full sample.
However, for density-selected galaxies, the Q1, Q3 and Q4 quar-
tiles recover poorly the position of the peak and are characterised
by large uncertainties in the recovered BAO scale.
We have studied the HOD of each subsample to understand
what are the host haloes corresponding to various galaxy selections
and how this affects the BAO signal measurement. The luminosity-
and colour-selected samples have broadly similar HODs, with the
most important differences being: i) the brightest quartile consists
of mostly galaxies in the most massive haloes, and ii) the bluest
quartile contains few galaxies in high mass haloes, with most ob-
jects residing in lower mass hosts. The density-selected quartiles
show the largest difference in HOD distributions: the densest quar-
tile contains all the central and satellite galaxies of high-mass
haloes, while the lowest density quartile consists of galaxies which
are predominantly in low-mass haloes.
Our main results can be summarised as follows,
• The magnitude- and colour-selected samples have unbiased
BAO signatures, i.e. the α dilation parameter is consistent with that
of the full galaxy population, and the uncertainties with which the
BAO peak can be measured are roughly the same for all the sub-
samples. The only exceptions are the faintest or the bluest quartiles,
which have a ∼ 50 per cent times larger error on α than the other
subsamples. Note that for an equal number density of tracers there
is a small increase in the precision of the BAO measurement if we
were to select only the reddest galaxies, but the effect is minor.
• The density selected samples show several interesting effects.
Firstly, the recovery of α is biased between the different quartiles:
densest galaxies have α > 1, while the lowest density ones have
α < 1. Secondly, the α uncertainties are lowest for the Q1 and Q2
quartiles, while the Q3 and Q4 samples provide much poorer BAO
constraints.
• Selecting galaxies by density does not improve the BAO mea-
surements compared to a similar number density sample selected
by either magnitude or colour.
• However, selecting galaxies by density shows the systematic
shift in the BAO position expected for galaxies in overdense and
underdense regions, as discussed in Neyrinck et al. (2018). High
density peaks lead to a contraction of the peak to smaller radii (i.e.
larger α), while low density region show an expansion of the BAO
feature to larger radii (i.e. smaller α).
We have found that selecting galaxies by either luminosity or
colour does not introduce any systematic biases in the BAO sig-
nal. Such effects may have been expected since galaxies show both
a luminosity and colour segregation depending on their host halo
mass, with brighter or redder galaxies preferentially populating the
more massive haloes. The most massive haloes are mainly found in
higher density regions, and thus potentially could be characterised
by a contraction of the BAO peak at their position. If such a con-
traction exist, its size would be below the current uncertainties of
this study, in which we have determined the BAO dilation parame-
ter, α, with a precision . 0.4%.
Our results are derived in the context of a HOD mock cata-
logue (Smith et al. 2017) in which galaxies are assigned magnitudes
(r-band) and colours (0.1(g−r)) such that they provide a reasonable
match to the projected two-point correlation function as measured
in the SDSS and GAMA surveys (Zehavi et al. 2011; Farrow et al.
2015). It remains to be seen if the same conclusions are valid when
using more complex and more physically realistic methods to pop-
ulate haloes with galaxies, such as hydrodynamic simulations or
semi-analytic models of galaxy formation. Due to computational
demands, the former are not yet at a level where Gigaparsec vol-
umes needed for BAO studies can easily be simulated, however
semi-analytic models (e.g. Henriques et al. 2015; Lacey et al. 2016;
Lagos et al. 2018; Baugh et al. 2019) look more promising on short
time scales. Such studies will be crucial to characterise any sys-
tematic shift in the BAO position resulting from selecting galaxy
subsamples based on luminosity, colour, environment or emission
lines.
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